The composition of phosphos-containing compouds of intact lyophilized alfalfa tissue has been determned, in part, by soLid-state 31p nuclear magnetic resonance. The tissue (Mcdicago sativa L, cv Regen S; and some of its crosses) was grown in culture under both nonregeneating and regenerating conditions, the latter enhnced by the addition of specific amino acids. Analysis of the 31P nouclear m etic resonance spectra shows that regeneration is favored when metabolism occurs without the production of a low average intracelular pH.
Phosphorus-31 NMR is widely used in biological studies of intact cells. The levels of ATP, phosphocreatin, and Pi are often diagnostic of the metabolic state of mammalian tissue (6) , and have been used in both research and clinical applications in studying, for example, the effect of pH in determining cardiac function (7) , the biochemical basis for muscle fatigue (4) , and the protection of organs for transplants during prolonged ischemia (1) . Plant tissues can be examined by 31P NMR as well. Recently, the intracellular pH of maize root tips has been measured by 31p NMR (12) , and related to cytoplasmic acidosis resulting from growth under anaerobic conditions (1 1, 13) . Intracellular pH of plant cells cultivated in liquid medium (10, 21) and of intact wheat-leaf tissue (20) has also been measured by 31p NMR. All of these applications have used 31P NMR to examine the pools of soluble Pi and phosphorus-containing metabolites. That is, the NMR chemical information in the spectra. Cross-polarization of31P by abundant 'H makes the high-resolution solid-state experiment a high-sensitivity one as well (15) . CPMAS 31P NMR has been used before in biological systems to examine the composition of bone (2, 14) and for the characterization of metabolism in developing amphibian embryos (3) . In this paper, we present evidence from solid-state 31P NMR that the extent of regeneration in alfalfa cell culture is influenced by the intracellular pH.
MATERIALS AND METHODS
Plant Material and Culture Procedures. The three alfalfa genotypes used in these experiments, their method of culture, and the preparation of intact tissue for NMR analysis are described in detail in the preceding paper (17) . 3lP NMR. CPMAS 31P NMR spectra were obtained at 36.2 MHz using matched spin-lock cross-polarization transfers with 1-ms single contacts and 35-kHz radio-fiequency fields with the lyophilized intact cell samples contained in a Beams-Andrew 420 ,ul hollow rotor spinning at 1.2 kHz. Technical details of the spinning and cross-polarization procedures may be found elsewhere (16) . Spectra are presented on ppm chemical shift scale referenced to external solid phosphocreatin (0 ppm).
Total phosphorus was deermined by integration of CPMAS 31p NMR spectra calibrated by a standard of lkown 31P content.
Potassium concentration was determined by elemental analysis. Total cellular calcium and sodium levels of a few samples were determined by argon plasma optical emission spectroscopy. Standard pH determinations were made using a Horizon model 5998-10 pH meter calibrated with a Fisher certified buffer solution.
Extraction Procedure. The ethanol-water insoluble fraction was isolated by grinding intact tissue in a mortar under an 80% ethanol 20% water mixture. This material was then spun at l0,OOOg for a few minutes and the resulting pellet resuspended in ethanol and water. The whole grinding and spinning process was repeated five or six times until the supernatant showed negative in a ninhydrin spot test. The combined supernatants contained the ethanol-water soluble fraction and the final pellet the insoluble fraction.
RESULTS
Chemical Shift Anisotropies. The 31P NMR spectrum of lyophilized intact alfalfa cells under 2-kHz MAS with a data collection scheme (5) employing total spinning sideband suppression consists of a single 10 ppm wide line (Fig. 1, top) . Resolution is not sufficient to permit observation of different isotropic chemical shifts which typically are only on the order of a few ppm for plant cell metabolites (6, 12 because the orientational dependence of the chemical shift is not averaged by molecular motion (9, 16) . Normally, the anisotropy is characterized by the shape of the resonance for a stationary sample. But, this can also be accomplished for spinning samples by slowing the rotor (Fig. 1) . The intensities of the spinning sidebands outline in a predictable way the shape of the chemical shift anisotropy (9 unfavorable for regeneration (17) . Under nonregenerating conditions, the ratio of the first spinning sideband (at 1.2 kHz) to the centerband is about 0.5, while under regenerating conditions this ratio is 0.8 ( Fig. 2) . This means the composition of phosphorus-containing metabolites (with differing chemical shift anisotropies) must be different in the two cultures. The chemical shift anisotropies (and so the spinning sideband patterns) for all the common types of phosphorus-containing materials of plant cells are surprisingly different (Figs. 3 and 4) . The inorganic phosphates differ so markedly because of variations in crystal structure. The narrow sideband pattern of crystalline KH2PO4 indicates a chemical environment for the phosphorus which is almost spherically symmetric.
The isotropic chemical shifts of both organic and inorganic components are near 0 ppm; this explains the lack of detail in the intact-cell spectra. The phosphorus-containing materials in alfalfa can be divided into an ethanol-water insoluble fraction (Fig. 5, bottom) which includes polynucleotides and phospholipids, and an ethanol-water soluble fraction (Fig. 5, second tant pH range of 6.5 to 7.5, the ni/no and n-i/no ratios have close to a linear dependence on pH and are easy to use. That is, the ratios for K-phosphate at pH 7 are the average of those at pH 6.5 and 7.5. In this range, a change of 0.5 pH units alters the ni/no spinning-sideband ratio by 20% (Table I) .
If we assume that all the Pi is found in the ethanol-water soluble fraction, and further assume the presence ofno significant concentration of biological phosphorus in that fraction, the average intracellular pH of the tissue of Figure 5 was about 6.5 based on the nl/no ratio of 0.38 and the n-i/no ratio of 0.32 (Table I) isolated, the nI/no ratio would have dropped almost to 0.1 (see Fig. 4 , upper left), since the total phosphorus in the added KH2PO4 is approximately 5 times that normally found in alfalfa callus (cf below).
Quantitation of Spectdal Intensities. Comparisons of the relative intensities of centerbands and various sidebands in the spectra of Figures 1 to 5 are quantitative. There are no spectral distortions even for very short CP contact times (Fig. 6 ). In addition, spin diffusion among protons, even in heterogeneous intact cells, is sufficient that after a 1-ms contact, only single-rate relaxation behavior is observed (Fig. 7) . The alfalfa sideband pattern was also insensitive to variation of the repetition period of the CP procedures between 0.5 and 2.0 s, indicating proton spin-lattice relaxation times are short and distortions of signal intensities absent.
Regeneration and CPMAS 31P NMR. Some amino acids administered in the culture medium have a profound effect on the regeneration of the alfalfa line RA3 (Medicago sativa L., cv Regen S; RA3). These amino acids also influence the CPMAS 31P NMR spectra of intact lyophilized cells harvested from these cultures (Table II) . RA3 grown without supplemental amino acids has a reasonably constant level of both potassium and phosphorus for a full month after inoculation. Gradually, however, the nl/no ratio drops from about 0.78 to 0.58, and the n-1/no ratio drops by the same percentage from 0.48 to 0.40. Just the opposite trends occur when proline is administered. Now the n1/no increases from an initial value after 7 d of 0.73 to a final value at 28 d of 1.04, with the n-1/no ratio also increasing, from 0.47 to 0.56. When glutamate is administered, RA3 grows with no significant changes in potassium concentration, phosphorus concentration, or n±,/no.
We have documented that regeneration for RA3xfalcata Regen is enhanced in the presence ofproline, and to a lesser extent, alanine (17) . Regeneration is suppressed by glutamate for the normally regenerating RA3 cross (17) . For proline and alanine, the potassium concentration in the regenerating cross is low, comparable to that in RA3, and the ni/no spinning sideband ratios are reasonably high (Table III) . However, for both regen- erating and nonregenerating crosses in the presence ofglutamate, potassium concentration is high and the ni/no ratio is low.
DISCUSSION
In the sort of biological solids abundant in plant tissue, phosphorus has a chemical shift ansiotropy resulting in large nl/no spinning-sideband ratios (Fig. 3) , and n-1/no ratios about equal to that of K2HPO4 (Fig. 4, bottom left) . Thus, the only way to reduce both n,/no and n-1/no 31P NMR spinning-sideband ratios by about the same percentage in intact alfalfa cells (with a constant total phosphorus content), is by the formation of KH2PO4 at the expense of K2HPO4 (Table I) .
Since both n,/no and n-1/no spinning-sideband intensity ratios decreased by about 20% over a 4-week period for the RA3 tissue grown in the absence of supplemental administe amino acids (Table II) In either event, conditions may have become less favorable for regeneration.
The ability of proline to enhance regeneration can be interpreted in this scheme. For the proline-fed RA3 culture, average pH actually increases with time (increasing ni/no, Table II ). The '5N-labeling experiments showed that proline nitrogen preferentially replaces nitrate nitrogen under favorable regenerating conditions (17) . That is, proline, a neutral amino acid, provides an easily used source of nitrogen which relieves the cell of the necessity of extensive nitrate reduction, and of balancing excess anion uptake (8) under constant cation levels (Table II) . The net result is a high intracellular pH and prolific regeneration.
Glutamate, on the other hand, results in a lower average intracellular pH, and regeneration is not enhanced for RA3. In fact, for the crosses of RA3, the intracellular pH was so low in the presence of glutamate (ni/no = 0.51) that considerable K+ was dumped into vacuolar storage (Table III) . Amino acids appear in storage as well (17) . In general, the nonregenerating state in these alfalfa cultures can be characterized as one of cellular growth but low intracellular pH, low energy, and high metabolite storage. This is true for the nonregenerating cross of RA3 for all administered amino acids.
Regardless of whether the acid-base balance is the ultimate cause of the failure of some alfalfa cell cultures to regenerate, it is definitely symptomatic of the failure itself. Thus, the successfully regenerating cell cultures examined invariably had high average intracellular pH, while unsuccessful cultures had low pH. Causal relationships remain to be determined (19) . Nevertheless, we think that 31P NMR should be a usefil diagnostic analytical technique in the search for the fundamental metabolic and energetic bases of somatic embryo production.
